Abstract: Assessment of effi ciency of businesses has been considered an object of interest by economists since the 1950's. A number of methods have been developed, including the so-called parametric approaches, using the regression analysis, and the non-parametric approaches, connected with the mathematical programming techniques. However, the diversity of available methods, especially when supplying contradictory estimates, leads to confusion, hindering an objective interpretation of results. In this paper, we propose a procedure leading to the reduction of such discrepancies by the proper modifi cation of a combined method linking the non-parametric approach with a parametric one. Usefulness of the proposed solution is shown by estimation of technical effi ciency concerning the agricultural production in the USA and the selected regions of the European Union.
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Analysis of the efficiency of production processes became the focus of interest on the part of economists in the 1950's and this trend was initiated by the studies of Debreu (1951) and Farrell (1957) , in which a measure of technical and overall efficiency of production was introduced. In the course of years, several analytical methods have been developed to evaluate technical efficiency. Many details on the early history of efficiency analysis may be found in an interesting study by Førsund and Sarafoglou (2002) . These methods in terms of applied methodology represent two fundamentally different approaches. The first one, i.e. the parametric approach, initiated by the studies of Aigner and Chu (1968) , Timmer (1971) and Afriat (1972) , uses the concept of the production function and is based on a respectively modified regression analysis. It includes such methods as the corrected ordinary least squares (COLS), the modified ordinary least squares (MOLS), or the stochastic frontier analysis (SFA). In turn, the other approach, i.e. the non-parametric one, in its mature form appeared slightly later, with a study by Charnes et al. (1978) , and it is based on the solution of an adequately formulated problem of mathematical programming. In this respect, we need to mention several variants of the data envelopment analysis (DEA) .
A considerable number of methods dealing with the same problem suggest a natural question on the consistency of results obtained using different analytical techniques based on an identical set of data. In such a situation, it is expected that all methods should lead to an identical or at least similar assessments of efficiency. However, it turns out that such a consistency is problematic. In the paper by Sharma et al. (1997) , rather divergent estimates of technical efficiency were obtained. Similarly, in a study by Cubbin and Tzanidakis (1998) , the authors showed that the application of the parametric and non-parametric approaches on the same data set can produce conflicting efficiency results.
The attempt to reduce the above mentioned discrepancies in the efficiency analysis has contributed to the creation of an intermediate method, combining the parametric and non-parametric approaches. Such a solution was proposed by Arnold et al. (1996) . The suitability of such a combined approach was presented in the paper by Bardham et al. (1998) , where the results of extensive simulation studies were presented, which aim was mainly to evaluate the production function in the view of observations of many inefficient units. In simulation studies, the sample size is usually large and when generating observations, a previously established form of the production function is used. In turn, in empirical investigations the form of the production function is not known and the size of the sample frequently is not large. Thus it doi: 10.17221/72/2014-AGRICECON is still required to improve the estimation methods, so that reliable and objective estimates of efficiency may be obtained. This is possible after uncovering the sources of discrepancies and proposing methods of their elimination. The main aim of this study is to propose a new approach which combines and utilizes the strengths of the parametric and nonparametric methods. A special emphasis is placed on the simplicity of the analysis. Two empirical examples of the application of this proposed approach connected with the agricultural sector are presented, too.
MATERIAL AND METHODS

Parametric approaches
The main vehicle of parametric approaches is a production function. It reflects a direct relation between inputs and usually a single output. Although the production function does not describe any particular production process, it mimics some processes in the sense that some inputs, represented here by a vector variable x, are indispensable in creating an output y. Thus, the production function describes only the technological conditions of the production process. Usually, it is expressed in the form
where b is a vector of parameters characterizing the production technology of the given set of decision making units (DMUs).
The functional relation between inputs x and an output y should fulfil some obvious and some desirable requirements. The most obvious one states that x = 0 implies y = 0, i.e. f(0) = 0, and that f(x) is increasing in all inputs. The other conditions specify the functional form of f which reduces the choice to continuous, homogeneous and concave functions.
Probably the most popular in terms of the number of applications is the Cobb-Douglas production function which, when the elasticity of scale is not greater than one, fulfils all the aforementioned requirements. Moreover, modelling with the Cobb-Douglas function leads to simple models which are parsimonious in parameters having direct economical interpretations. This feature is especially important when a set of DMUs is small. The next in popularity is the translog production function, which, however, fulfils the basic requirements under very specific additional data dependent conditions. A deterministic frontier production function is defined as the theoretical maximum output that a producer can obtain from the given vector of inputs. Having chosen the form of the frontier production function y = f(x), the output oriented technical efficiency is measured by the quotient TE = y/f(x) ≤ 1. This quantity, referred to the i-th unit which produces an output y i from a vector x i of inputs, can be interpreted as the factor rescaling the value of the frontier production function to obtain the actual level of output, i.e.
The simplest way of establishing the frontier production function is the COLS method. It is performed in two steps. First, using the observations (y i , x i ), i = 1, 2, …, n, of the given set of DMUs, the estimate of f(x; b) is evaluated. It can be done by the ordinary least squares regression, because the production function is usually linear in the logs of the variables. Then, the resulting function ln f(x; b) is shifted upwardly with respect to the largest positive residual a = max(e i ). In consequence, the log of the frontier production function has the form
where u i = a -e i ≥ 0 is the measure of the outputoriented technical inefficiency in the COLS method.
The shifting term may also be chosen according to a different rule, taking into account some specific assumptions about the distribution of u i . If it is assumed that they follow an exponential distribution, then ln f(x; b) should be shifted by the standard deviation of residuals, s D , following from the regression analysis (e.g. Greene 2008: 106) . This is the simplest variant of the MOLS method. In such a case, however, not all estimated inefficiency measures are positive, since s D < max(e i ). As a result, some units can appear to be technically over-efficient. These over-efficiencies may be caused by some specific conditions of the production process, which were beyond the control of the DMUs. Therefore, to preserve the sense of the technical efficiency concept, the over-efficiency must be truncated, i.e. TE i (s D ) = min{exp(-s D + e i ), 1}.
Note, moreover, that rescaling all exp(-s D + e i ), i = 1, 2, …, n, by their maximal value is useless in this matter, because such a rescaling leads to the efficiencies of the COLS approach. It is so, since a shift of lnf (x; b) by any scalar s gives efficiencies proportional to TE i (a). Indeed TE i (a)/TE i (s) = exp(s -a) = constant. doi: 10.17221/72/2014-AGRICECON An idea of incorporating into the model the conditions not controlled by the DMUs resulted in the stochastic frontier analysis (SFA). In this approach, initiated by Aigner et al. (1977) and Meeusen and van den Broeck (1977) , the frontier production function, contrary to the previous deterministic case, is assumed to be stochastic,
where v is a random variable representing disturbances that are not dependent on the DMUs. To obtain the level of the output observed, it must be again rescaled by an additional term TE = exp (-u) , where u is now a nonnegative random variable representing the technical inefficiency. In consequence, the stochastic frontier production function is estimated in presence of the standard disturbance term v, as in the regression model, and the technical inefficiency u, the latter term introducing into the model some additional and specific assumptions concerning the form of the probability distribution. The change in the form of the frontier production function, which is now a random variable, also causes a change in the understanding of the measure of the technical efficiency. In the stochastic approach, it is related with the quotient of two conditional expected values, TE = E(y|u)/E(y|u = 0) (e.g. Battese and Coelli 1992) . The expectation E(y|u) represents the averaged level of output y (averaged with respect to the conditions not controlled by the producer), while E(y|u = 0) also represents the averaged output y, but for the production process being technically the most efficient.
Non-parametric approaches
The main idea of non-parametric approaches focuses on formulating a series of appropriate linear programming problems, in which the most efficient producers are identified in the observed set of DMUs. This idea, first pointed out by Farrell (1957) , was fully elaborated by Charnes et al. (1978) and since then it has been known as the data envelopment analysis (DEA). In this method, the efficiency of each producer is evaluated with respect to the given group of them, by comparing the observed outputs and vectors of inputs characterizing all producers under investigation.
A particular formulation of the linear program depends on the initial assumptions. They concern the type of orientation, which can be focused on the outputs maximization given the values of inputs, or on the inputs minimization given the values of outputs, and the type of technology restrictions, which can be the constant returns to scale (CRS) or the variable returns to scale (VRS). Many other formulations of the DEA are reviewed by Thanassoulis et al. (2008) (see also Coelliet al. 2005; Cooper et al. 2007 ).
In the case of a single output oriented DEA, which corresponds to the considerations of Section 2, and under the CRS assumption, an estimate of the technical efficiency of the i-th producer follows by solving a linear program of the form:
Max q,l q, subject to:
where y i and x i represent the output and the vector of inputs, respectively, of the i-th unit, while y and X are the vector of outputs and the matrix of inputs, respectively, of all producers in the sample. The score of technical efficiency of the i-th unit is the inverse of solution θ, TE ci = 1/θ. When TE ci is equal to one, the i-th producer is a frontier, i.e. the most efficient producer in the whole set of the DMUs.
When the CRS restriction is replaced by the VRS, the above formulated linear program changes by adding the condition that all λ's sum to one. This convexity constraint envelops the data set more tightly, which now is covered by the convex hull rather than the convex cone only, as in the case of the CRS. In consequence, the corresponding estimate of the technical efficiency TE vi is not less than TE ci for each DMU.
Th e results of the DEA procedures are often employed as the dependent variable in the further analysis searching socioeconomics sources of diff erences between the units' effi ciency (Assaf and Matawie 2009; Hu et al. 2009; Olson and Vu 2009; Assaf and Agbola 2011) . However when comparing the non-parametric approaches with those based on the regression analysis (RA), which are presented in Section 2, the diff erences between them are easily visible. Th e RA methods require many specifi c assumptions concerning the form of the production function as well as they are related with the type of the probability distributions of random variables involved in the model. Moreover, the estimation of unknown parameters and effi ciency scores is possible when the sample size, i.e. the set of the DMUs, is large, which is especially important for the SFA.
The DEA approach is completely different. The assumptions are minimal and the sample size may be small. However, the DEA does not provide any explicit formula relating the output to inputs. Instead, it produces only some measures of efficiency or in-doi: 10.17221/72/2014-AGRICECON efficiency, which are related exactly with the set of DMUs under considerations. Some other differences between these two techniques are discussed by Cubbin and Tzanidakis (1998) and Sena (2003) . These authors observed also that the DEA and RA approaches may give very different results. The other arguments supporting this observation can be found in papers by Ferrier and Lovell (1996) , Sharma et al. (1997) as well as Sahoo et al. (1999) .
The combined approach and its modification
In the paper by Arnold et al. (1996) , a combined method of estimating the production function was proposed. This method is accomplished in two stages. First, the DEA is used to identify the frontiers in a set of DMUs. Next, the RA with a selected form of the production function is applied to all DMUs, but the regression model is supplemented by a dummy variable distinguishing between the efficient and inefficient units. In consequence, two production functions, for the frontiers and non-frontiers, are established. Having estimated the frontier production function, the estimates of the technical efficiencies of all DMUs may be obtained. Of course, some truncations of over-efficiency of some units are necessary. We will furthermore denote this approach as the DE+RA.
The method presented above, however, does not guarantee that the efficiencies obtained will be in full agreement with that following from the DEA. Although small differences may be easily explained by the differences in the computational procedures, large disagreements, if they take place, must have more severe causes. At this point, first of all note that the definitions of technical efficiency in the case of stochastic and deterministic frontier production functions are different, which causes difficulty in a direct comparison of efficiencies following from the SFA with those following from the other approaches.
As to comparisons between the non-parametric approaches and those based on the deterministic frontier production function, it should be noted that in general the model assumptions of the RA, of the DEA(CRS) and of the DEA(VRS) are different. In consequence, they will produce different estimates of technical efficiencies for the same data set. They will provide similar results only in special cases. Since the CRS assumption corresponds with the linear homogeneity of production function, we can expect similar efficiencies following from the DEA(CRS) and the standard regression approaches. They will be very close, if the data actually support this specific assumption. The question appears what if it is not the case.
If the condition of constant returns to scale is not satisfied, then the DEA(VRS) may produce efficiencies much more different from those following from the RA. To explain this, note that the VRS output oriented linear program, as observed by Pastor (1996) , is invariant with respect to any translation of the input vectors, provided that the shift is the same for all DMUs. It is not a property of the production function, since by the standard assumptions, it is increasing in all inputs and f(0) = 0. These assumptions imply in particular that even small non-zero inputs lead to a positive quantity of an output, while in practice, to obtain a positive amount of the output, some critical non-zero, unfortunately unknown, quantities of all inputs are necessary. This divergence can be reduced by a proper translation of the production function, i.e. by subtracting from the input vector x some vector δ of positive constants. Note that a shift of the production function from f(x;β) to f(z;β), where z = x -δ, does not change its shape. Of course, the role of the parameter vector β is not the same in both cases, and some attention should be paid when interpreting parameters in the economic sense.
To estimate the shifted production function, it suffices to subtract the vector δ from input vectors of all DMUs. The choice of δ is an independent task. It can be treated as an additional vector of the parameters and estimated together with the vector β. But then the number of unknown parameters increases substantially and, moreover, the resulting model cannot be easily transformed to the linear form, even in the case of the Cobb-Douglas function. The other extreme possibility is an arbitrary choice of δ. However, a compromising solution is that based on results of the DEA(VRS). It can be achieved by shifting the input vectors along the vector δ composed of the minimal inputs observed in the data set. In consequence, the problem reduces to the choice of the length of δ. Since the set of frontiers following from the DEA(VRS) is invariant with respect to any shift of the input vectors, the precise length of δ can be determined in such a way that the corresponding regression model following from the second stage of the analysis proposed by Arnold et al. (1996) will be the best fitted to the data. This can be done by fitting a series of regression models in which the length of the shift along δ successively increases.
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In consequence, the resulting frontier production function f(z;b) enables the estimation of technical efficiencies of all DMUs. This method will be denoted by the DE+RAs.
Finally, note that the equation f(x) = f(z) implies the equality of the corresponding partial derivatives, which means that the marginal efficiencies following from both functions are the same. It is not in the case of elasticities. However, for the j-th input they can be simply recalculated as follows:
where z j = x j -δ j . Summing up elasticities e(x j ) over all inputs, the elasticity of scale can be obtained. Note also that here elasticity ε(x j ) is a function of x j , even in the case of the Cobb-Douglas production function.
Data
To illustrate the considerations of the previous sections, we will examine two data sets. The first one concerns the production in the year 2001 of 34 regions from Belgium (1 region), France (22), The Netherlands (1), Luxemburg (1) and the western part of Germany (9). The data were taken from the Farm Accounting Data Network. The value of the total agriculture production was used as the output variable. As the input variables, we had initially selected total the utilized agricultural area, labour and materials, but the first variable, land, appeared to be insignificant and was eliminated from the analysis.
In the second example, we used the data set which was analysed by Farrell (1957) when he introduced the main idea of the DEA approach. This data set characterizes the agriculture production in the United States in the year 1952. Farrell has estimated the technical efficiencies of 48 states using, in particular, cash receipts from farming, with the home consumption included, as the output, and various sets of input variables. In particular, he used the following: land, labour and materials.
Technical efficiencies were calculated by two nonparametric methods, the DEA(CRS) and the DEA(VRS), two regression methods, the COLS and MOLS, the combined method DE+RA and the proposed one, the DE+RAs, with a shift of input vectors. In parametric approaches as well as in the combined ones we used the Cobb-Douglas function, which ensures the smallest number of free parameters.
RESULTS
Estimates of technical efficiencies for the first data set related to the EU agriculture are presented in Table 1 . In the last columns, the elasticity of labour and materials as well as of scale are contained. They were calculated using the proposed DE+RAs method. The averages of these elasticities, ε (labour) = 0.145, ε(materials) = 0.992, ε (scale) = 1.137 indicate that the second input, materials, is the most effective and that the constant returns to scale assumption is disturbed.
The last two rows of Table 1 present Pearson's coefficients of correlation between the results following from the non-parametric and the remaining methods. The correlation between efficiencies obtained from DEA(CRS) and DEA(VRS) is not very high, which means that the constant returns to scale assumption significantly influences the resulting efficiencies. On the other hand, observe quite a high correlation between efficiencies following from DEA(VRS) with those following from DE+RAs, which is in harmony with the established scale elasticity 1.137 > 1. Moreover, observe very high correlations between results of the DEA(CRS) and of COLS, and of MOLS, which means that in these methods the elasticity of scale is near to one. Indeed, the estimated logs of this function are as follows: where x 1 here represents labour, x 2 denotes materials, R 2 the coefficient of determination, while in parentheses the standard deviations of estimated parameters are given.
On the other hand, frontier production functions following from the combined approaches take the forms: where z 1 = x 1 -53.18, z 2 = x 2 -33420.60. The translation vector δ in the DE+RAs method was equal to 60% of the vector (88.63, 55701.00) composed from the minimal values of both inputs. The minimal shift in the case of labour is not less than 2% (of the maximal observed labour), while in the case of materials it is not less than 15% (of the maximal observed value of materials). Thus the shift with respect to the second variable was much more restrictive. Note also that the frontier production function f(x) following from DE+RA is convex, while that with shifted input variables f(z), estimated by the DE+RAs method, and is concave as required. Comparing both methods we can notice that the proposed one provides efficiencies compatible with that following from the nonparametric DEA (VRS) approach. The estimated efficiencies from the second data set related to the USA agriculture are contained in Table 2 . This table is organized in the same way as the previous one, with the exception that now we have three inputs: land (x 1 ), labour (x 2 ) and materials (x 3 ). where z 1 = x 1 -0.39, z 2 = x 2 -11.87, z 3 = x 3 -859.94.
In the DE+RAs method the translation vector was equal to 20% of the vector (1.97, 59.36, 4299.72) composed from the minimal values of all the three inputs. This time the translation was rather small. In consequence, the differences between the coefficients of functions following from the combined methods are almost indistinguishable. Moreover, they are also very similar to those following from the COLS and MOLS approaches. This agreement is a consequence of the constant return to scale assumption, which is strongly supported by the data. It is confirmed by a very high correlation coefficient between results obtained from DEA(CRS) and DEA(VRS). In consequence, we have also very high correlations between efficiencies following from the other methods. Nevertheless, technical efficiencies produced by the proposed DA+RAs method are most similar to those following from the non-parametric DEA(VRS).
CONCLUSIONS
In the paper various techniques of evaluating technical efficiency are discussed. Among them we considered the non-parametric approaches related with data envelopment analysis (DEA), parametric ones based on regression analysis (RA) and using the concept of frontier production function, and the combined method linking both parametric and non-parametric approaches. Unfortunately, different methods, as it was observed by some authors, can produce very different estimates of efficiencies, which is unexpected when analysing the same data set. Therefore, in the presentation of various methods we paid special attention to their differences and weak points in the context of technical efficiency estimation.
In this respect we noted that in the case of stochastic frontier functions and deterministic frontier functions there is an important difference in the definitions of technical efficiency. This justifies even large differences between estimated efficiencies, since the crucial assumptions of these models are different. In turn, we have observed that the DEA approach can deliver similar estimates as the RA approach with a deterministic production function, but only if the basic assumptions of the methods applied are consistent and simultaneously these assumptions are supported by the data under investigation. As a result of this discussion we have proposed a shift of the production function, which modification may improve the estimation process in a case when the assumption of constant returns to scale is not valid. The usefulness of this modified method is illustrated by analyses of two data sets concerning agricultural production.
